Biotechnology has had a major effect on improving crude oil displacement to increase petroleum production. The role of biopolymers and bio cells for selective plugging of production zones through biofilm formation has been defined. The ability of microorganisms to improve the volumetric sweep efficiency and increase oil recovery by plugging off high-permeability layers and diverting injection fluid to lower-permeability was studied through experimental tests followed by multiple simulations. The main goal of this research was to examine the selective plugging effect of hydrophobic bacteria cell on secondary oil recovery performance. In the experimental section, water and aqua solution of purified Acinetobacter strain RAG-1 were injected into an oil-saturated heterogeneous micromodel porous media. Pure water injection could expel oil by 41%, while bacterial solution injection resulted in higher oil recovery efficiency; i.e., 59%. In the simulation section, a smaller part of the heterogeneous geometry was employed as a computational domain. A numerical model was developed using coupled Cahn-Hilliard phase-field method and Navier-Stokes equations, solved by a finite element solver. In the non-plugging model, approximately 50% of the matrix oil is recovered through water injection. Seven different models, which have different plugging distributions, were constructed to evaluate the influences of selective plugging mechanism on the flow patterns. Each plugging module represents a physical phenomenon which can resist the displacing phase flow in pores, throats, and walls during Microbial-Enhanced Oil Recovery (MEOR). After plugging of the main diameter route, displacing phase inevitably exit from sidelong routes located on the top and bottom of the matrix. Our results indicate that the number of plugs occurring in the medium could significantly affect the breakthrough time. It was also observed that increasing the number of plugging modules may not necessarily lead to higher ultimate oil recovery. Furthermore, it was shown that adjacent plugs to the inlet caused flow patterns similar to the non-plugging model, and higher oil recovery factor than the models with farther plugs from the inlet. The obtained results illustrated that the fluids distribution at the pore-scale and the ultimate oil recovery are strongly dependent on the plugging distribution.
Introduction
When primary oil recovery processes no longer produce efficient oil due to natural depletion of the reservoir, secondary or tertiary oil extraction is adopted [1] [2] [3] . One of the simplest and economical secondary extraction mechanisms is water flooding, where water is injected into a reservoir. Typically about 20-40% of Original Oil In Place (OOIP) can be recovered by conventional methods [4] . To increase the ultimate oil recovery, it is crucial to understand the simultaneous impact of multiple factors, including wettability, fluid viscosities, capillarity, and medium heterogeneities [5] . High-permeability and fractured reservoirs generally have an early water breakthrough time, which adversely affects their recovery performance. It is known that the selective plugging of permeable routes may postpone the breakthrough time and lead to higher oil recovery. Also using additives such as chemical solvents and bacteria in Enhanced Oil Recovery (EOR) process have been increased during the last years because of their potential in Interfacial Tension (IFT) reduction and wettability alteration [6] . These materials can also produce hydrophobic biomasses and long-chain molecules through which high permeability pathways are plugged. Consequently, a later water breakthrough time and higher oil production can be expected [7] .
Microbial-Enhanced Oil Recovery (MEOR), which is regarded as a tertiary method to increase oil recovery, uses different microorganisms to extract trapped oil from the reservoirs [8, 9] . Several mechanisms are proposed to explain the incremental oil recovery associated with MEOR, among which are the reduction in the oil-water IFT and changes in the wettability of the system and selective plugging mechanism [10] [11] [12] [13] . Numerous experimental and numerical studies have been conducted to understand the impact of wettability alteration and IFT reduction [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Kowalewski et al. [25] showed that the bacterial growth could both reduce IFT and alter the wettability state toward less oil-wet conditions. They also conducted a subsequent simulation study and demonstrated that a change in wettability toward water-wet behavior and IFT reduction could reproduce the increased oil recovery. Darvishi et al. [26] studied the potential of the bacterial consortium of Enterobacter cloacae and Pseudomonas sp. It was shown that under simulated reservoir conditions, IFT reduction, gas production, and wettability alteration were the main mechanisms for EOR. It was also found that the biosurfactant production is the most effective factor in IFT reduction and wettability alteration. Karimi et al. [27] conducted some experiments using an Enterobacter cloacae strain with different substrates at fresh conditions or aged in crude oil to simulate various wetting conditions. They found out that the surface wettability could vary from water-wet to oil-wet condition. They also illustrated that bacterial adhesion and biofilm formation are the dominant mechanisms of wettability alteration. Chisholm et al. [28] flooded in situ microorganism samples from a well in Oklahoma into core samples and showed that incremental oil recovery associated with each nutrient treatment is the oil produced by the release of in situ gas pressure. This in situ gas is produced during incubation of core with nutrients plus the oil. Florez et al. [29] proposed an exploratory methodology to reproduce both physical (petrophysical) and chemical (mineralogy) rock characteristics, and behavior of carbonates in oil and gas reservoirs. This alternative approach would significantly decrease the difficulty of obtaining reservoir plug samples. The low-cost samples could be utilized to study different mechanism of MEOR.
Earlier studies demonstrated that the plugging mechanism can be the most important mechanism in oil recovery [30] . In the following studies, it was dedicated that the hydrophobic bacteria cells and participated bioproducts of bacteria-oil reactions are the plugging factors in most cases [31] . Plugging is formed in the shape of a thin layer biofilm or mud cake which can partially or completely block flow pathways [32] . Kalish et al. [33] investigated the plugging potential of bacteria cells separately in core flooding procedure. They observed that the rod-shaped cells were more efficient plugging agents than small aggregates of spherical cells, which in turn were more efficient than singly-dispersed cells. It was also reported that for cores which are partially plugged, Darcy's law is not applicable because increases in injection pressure are not linearly related to flow rate. Suthar et al. [34] studied selective plugging strategy of Bacillus licheniformis TT33 and showed that the produced exopolymeric substances blocked the high permeability zones of the porous media; thus, the fluids could flow through the low permeability zones led to an increase in the oil recovery. Stewart and Scott Fogler [35] conducted a series of micromodel tests to understand biomass plugging of porous media. They studied Leuconostoc mesenteroides plugging effect under nutrient-rich conditions. They observed that as the nutrient flows through the micromodel, the initial biomass plugging occurred at the nutrient-inoculum interface due to growth in the larger pores and throats. As the growth proceeded, biomass filled and closed these pores/throats until the only isolated grouping of pores/throats with smaller radii remained empty. They also found out that breakthrough channel locations would change due to redistribution of the nutrient flow and changes in the flow rate.
Two dimensional flow channels which are known as micromodels are one of the most efficient tools for evaluating different mechanisms during fluid flow in porous media. [36] [37] [38] . Micro-fabricated physical devices of porous media (i.e., micromodels) have been widely used to study EOR process and investigate different fluid flow mechanisms [36] . Various microfabrication methods have been used in the fabrication of microfluidic devices for EOR process study, including optical lithography, chemical etching, plasma etching, and stereolithography. These fabrication methods usually involved a complicated fabrication procedure with highly sophisticated instruments, which formed a technical barrier for the researchers in energy fields to benefit from microfluidics technology. In order to lower the barrier of visualization and cost in EOR process, Fan et al. [39] introduced a low-cost PMMA-based microfluidics device to mimic the porous media inside the sandstone. They illustrated that the PMMA-based microfluidic devices provided a simple and low-cost visualization tool for the study of EOR process.
Numerical simulation is an applicable technique to evaluate the experimental results. They can eliminate the considerable limitation of experiments and lead to a better understanding of the oil recovery mechanism [40, 41] . Numerical studies of governing mechanisms of two-phase flow in porous media have been conducted by many researchers [42, 43] . Pore-network modeling [44] [45] [46] , smoothed particles hydrodynamics [47, 48] , Lattice Boltzmann (LB) [49, 50] , quasi-static [51, 52] and direct numerical simulation approaches based on interface capturing techniques such as Volume of Fluid (VoF) [46, 53, 54] , level set [55] and phase-field [56] [57] [58] [59] are the most common approaches which have been developed to simulate the multiphase flow in porous media. A detailed study of advantages and drawbacks of these techniques can be found elsewhere [60] . Direct numerical simulations are considered as a favorable approach to simulate two-phase flow [53, 60] . Phase-field method has been proven in different reported studies to capture physical phenomena in fluid displacements through complex pore geometries [5, 17, [61] [62] [63] In this paper, flow and transport in porous media were modeled at the pore-scale using Navier-Stokes-based solver. It should be stated that the effect of bacteria in two-phase flows in porous media was not considered in the numerical model. In the second section, experimental setup and procedure for water and bacteria solution injection into a heterogeneous micromodel is presented. In the third section, numerical scheme along with governing equations are clarified. Cahn-Hilliard phase-field method coupled with Navier-Stokes and continuity equations are employed for studying different scenarios for selective plugging mechanism [61, 64] . In the results and discussion section, the obtained results of flooding experiment and simulated model are given and compared. Different bacteria solution injection scenarios are discussed in detail, and the influences of the selective plugging mechanism on flow pattern were described.
Experimental study 2.1 Materials and methods
The crude oil used in this experiment was extracted from Kupal oil field located in the south of Iran. The viscosity and density of this oil were measured 44 cP and 908 kg/m 3 , respectively. Moreover, water used as the displacing phase had the viscosity and density of 1.0 cP and 1010 kg/m 3 , respectively. Afterward, spherical-shape Acinetobacter strain RAG-1 was mixed with distilled water and was also utilized as the displacing phase. Acinetobacter bacteria cell, which has hydrophobic surfaces, is efficient in the investigation of the selective plugging mechanism. It can also act as bridging organisms and contribute to solid-liquid separation in reaction with organic materials such as the crude oil [65] .
Experimental setup
A visual flooding experiment was designed to study the displacement mechanism and validate the numerical model. Water-bacteria cell solution with limited nutrient was employed to study the secondary flooding in the heterogeneous micromodel saturated with the crude oil and connate water. For this purpose, active bacteria cell was grown in the solid Luria-Bertani (LB) medium, then it was added to LB fluidic medium. After proper fertilization, additional active produced cells were centrifuged and isolated from the solution. This procedure was then repeated for six times to obtain the remaining cells from the solution. In the next step, the isolated cells were added to the distilled water in order to initiate the injection process into the micromodel. The measured Optical Density (OD) of the bacteria solution was about 1 OD. A dolomite pattern was implemented as porous media in heterogeneous micromodel ( Fig. 1 ). Dry etching (laser beam) and wet chemical etching (HF acid solution) approaches were used to print the pattern on the float glass and obtain controlled pore and throat sizes. The physical properties of the micromodel and experimental conditions are given in Table 1 . The inlet and outlet ports of the micromodel were then drilled in a separate glass. Finally, the etched plate was fused to the drilled plate using controlled temperature furnace, and the micromodel porous media was attained.
Matlab image processing toolbox was employed to calculate the porosity of the micromodel, the ratio of void space volume to the bulk volume of the domain. The micromodel setup sketch comprises horizontal glass micromodel, micromodel holder, pressure transmitter, injection pump, back light system, data logger, and computer-based motion capturing system (as shown in Fig. 2 ). A ball valve was set at the entrance to manage the fluid flow, and a Rosemount Differential Pressure (DP) transmitter was implemented to measure the injection pressure with a resolution of 0.086 kPa. The inlet pressure was equivalent to the total pressure drop in the model, and the outlet pressure was set at atmospheric pressure. The DP was calibrated within the range of 0-344.74 kPa. Differential pressure values were recorded every 2 s by the data logger system which was connected to the DP via a cable. A Nikon digital camera was used to take images at different steps of the process and capture fluids distribution at different times. To improve the resolution of images, a LED light bulb was used. The fluid injection was conducted with ATS2-60 syringe pump apparatus. It was connected to pneumatic lines which were responsible for carrying the fluid from syringe to the micromodel. In the beginning, the crude oil was injected from the left-bottom side of the medium with a constant injection rate of 0.12 cm 3 /h (which guaranteed laminar flow in our micromodel porous medium). Oil was also produced from the right-top side of the medium. The injection process has proceeded until the micromodel was saturated with crude oil. Then, the bacteria solution was injected into the medium at the same flow rate to displace the oil in place. Injection of the solution was continued until the saturation of the oil and solution reached their steadystate values. The saturation of both phases was obtained using the image processing toolbox. The main objective of this design was to capture the interface of fluids and to measure the bacteria solution and crude oil saturations.
To clean the saturated micromodel, alternate cycles of alcohol, acetone, and toluene were implemented. The medium wettability, in the absence of bacteria, was determined by measuring the contact angle between the oil phase and the micromodel surface calculated from pore-scale images taken by Nikon digital camera. For measuring the wateroil IFT, a pendant drop apparatus was employed. It should be noted that the preliminary water/bacteria solution only contains live bacteria cells and there are no bio-products responsible for IFT reduction and wettability alteration; therefore, the effect of IFT reduction and wettability alteration were eliminated.
3 Numerical model COMSOL Multiphysics [66] software has become a reliable tool for solving two-phase flow problem, which includes interface capturing methods (e.g., phase-field, and level set) [56, 61, 63, 67] . Navier-Stokes equations coupled with a diffuse interface method are available in the microfluidics module of the software. Governing equations, computational geometry and numerical scheme are presented here.
Phase-field method
The phase-field method is implemented to solve the twophase problem in the model. It originates from the principle of minimum free energy of an isolated thermal system. Treating the interface as a diffused layer across which the fluid properties change steeply with a phase index (U) as the indicator is the key idea of the method. Phase-field variable varies in the thin diffuse interface region from À1 to 1 and stands uniform in the bulk phases. The free energy density model for a two-phase model is:
where X is the space in which two fluid components exist.
The first term in the integrated right hand side describes surface energy. The second term of integral f 0 (/) stands for bulk energy which is defined based on double-well potential as: where k is the mixing energy density (N) and e accounts for the thickness of interface. The combination of two parameters forms surface tension through the following equation:
the Cahn-Hilliard equation which describes the convection-diffusion nature of species solves the two-phase flow dynamic in this approach. The equation simulates creation, evolution and dissolution of the interface. Therefore, the Cahn-Hilliard are as follows:
where u represents the phase-field parameter. w is auxiliary parameter to decompose fourth-order Cahn-Hilliard equation to the two-order equation, u is the fluid velocity (m/s), e is the interface thickness (m), c is the mobility m 3 s Kg and G is the chemical potential J m 3 À Á defined as:
Both density and viscosity of each phases at the interface are functions of phase-field variable and defined based on the following equations:
where subscripts 1 and 2 denote fluid 1 and fluid 2, respectively. V f is the volume fraction of each phase determined as follows:
Further information about phase-field method can be found elsewhere [68] .
Fluid transport dynamics
Navier-Stokes equations are applied to describe the fluid dynamic motion and account for mass and momentum transport for fluids. The coupled Navier-Stokes-Cahn-Hilliard equations are then as follows:
where q is the density Kg m 3 À Á , l stands for viscosity Ns m 2 À Á , P is the pressure (Pa), u is the velocity field m s À Á . Primary assumptions are incompressible and immiscible fluid properties with no phase changing occurring, meanwhile, gravity force is neglected due to 2D horizontal flow. On the solid wall, the following equations are instated as boundary condition in the model:
The first equation denotes the no slip condition. The second one accounts for zero diffusive flux and the last one is the natural boundary condition originating from the variation of total free energy. Further details about boundary conditions can be found elsewhere [69, 70] .
Boundary conditions and numerical scheme
A smaller part of the employed micromodel porous media in the experiment was used as the computational domain, given computational constraints. The pore size distribution of the model is the same as the experimental pattern. Figure 3a shows the 2D model used for the simulation of selective plugging distribution during oil recovery. Adaptive mesh refinement method was employed to refine grids at the interface as the front moves. This technique was used to achieve numerical accuracy, while maintaining an optimal number of mesh elements. More information about adaptive mesh refinement can be found elsewhere [5] . The discretized domain utilizing adaptive mesh refinement is shown in Figure 3b . Element size (lm) distribution with adaptive mesh refinement is depicted in Figure 4 . For further studying of the plugging contribution in ultimate oil recovery, some effective throats and directions were numbered as shown in Figure 3c . The oil phase was initially present in the system, and water/bacteria solution was injected from the left-bottom of the model. A pressure difference is imposed on the system to cause the fluid flow. Initial velocity and pressure are set to zero. The boundary condition of solid grains is considered as a wetted wall with specific contact angles (h = p/2).
Seven cases of water or bacteria solution injection into an oil-saturated medium are simulated in two dimensional. Case 1 represents the basic no-bacteria water flooding situation. Cases 2-4 include different geometrically modified models with different plugging distributions. Case 4-7 describe in situ bacterial growth and involve gradual changes in matrix geometry. Initial boundary conditions and saturations of all bacterial flooding models are identical to the water flooding model.
Results and discussion

Visual flooding experiment
The obtained results of bacteria solution injection into an oil-saturated micromodel porous media are presented in Figure 5 . Figure 5a shows that the medium is initially saturated with the oil phase (black color) and connate water. Afterward, the bacteria solution is injected from the left-bottom side of the medium with a constant injection rate (Fig. 5b ). As can be seen in Figure 5c , bacteria solution sweeps bottom, middle, and upper sides of the micromodel laterally at the early times. At t D = 0.42, displacing phase forms a few fingers from the main diagonal pathway of the medium until the water breakthrough happens (Fig. 5d ). After stabilization, a portion of the resident oil is trapped mainly in the top and bottom sides of the domain. Figure 6 depicts the same snapshots for water injection. Comparing Figures 5 and 6 enabled us to determine locations of pore plugging, used as the input for the model. Secondary oil recovery factor through bacteria solution injection is compared with that of water injection (see Fig. 7 ). The dimensionless time is defined as t D = t/t breakthrough . The oil recovery factor is defined as the ratio of the total recovered oil to the total reservoir oil. Bacteria solution injection could produce almost 60% of the matrix oil during the displacement process, while 40% of the matrix oil was extracted through water flooding. Through having a limited nutrient bacteria solution, it was tried to decrease bio-products creation and minimize the effects of wettability alteration and IFT reduction. Hence, it can be stated that the selective mechanism caused mainly this improvement in oil recovery.
Water-oil displacement modeling
The established numerical model was previously validated in our paper [63] . In the first model (model No 1), distilled water is used as the displacing fluid, and no plugging is added in the geometry. As shown in Figure 8a , initially the micromodel is saturated with the oil phase (red color), and the inlet part is saturated with the water as an initial fluid-fluid interface (blue color), which is needed for numerical stability. Through water invasion from the bottom left corner, the oil phase is produced from the top-right corner of the domain (Fig. 8b) . Figures 8c and 8d illustrate that the water progressed by forming three fingers. As shown in Figure 8e , water jumped diagonally through the tortuous pathway which has the least difference between the inlet and outlet. Having an intermediate wetting condition makes the water sweep both the large and small pore bodies. It can be observed that the water cannot displace the oil from the top and bottom side routes, and the water breakthrough time happened. Consequently, the resident oil of those zones gets trapped (Fig. 8f ). Pressure and velocity fields at t D = 0.71 (corresponding to Fig. 8e ) for the model No 1 are presented in Figure 9 . As can be seen in Figure 9a , a pressure difference in the matrix can be observed, i.e., capillary pressure, which is a function of IFT, contact angle, and pore radius. The obtained velocity profile shows the main water and oil streamline inside the domain, through which the water breakthrough happened (see Fig. 9b ).
There is almost a 10% difference in the oil recovery between experiment and simulation of water flooding. It comes from the fact that simulations are 2D, while the experiments are 3D. The numerical model does not include the interface curvature in the micromodel thickness direction. Other sources including the boundary conditions at the solid surface, the uncertainty in the physical properties measurements, the confinement effects, and an additional drag force in the micromodel can cause differences between 2D and 3D results. 3D geometries may consist of a vug or fracture which is invisible in the 2D images. In addition, some dead-end pore/throats in 2D images can be connected to the main flow channel in the 3D structure. 
Effect of plugging mechanism on the displacement process
In this section, we investigate selective plugging effects on the two-phase flow efficiency through six different models. Selective plugging is modeled by partially blocking some of the pores/throats. Simulation of selective plugging during MEOR is performed by adding some circular and linear-shape modules in pores/throats. Circular-shape module represents adsorption and plugging of hydrophobic bacteria cells which could cause "log jam" effect when passing through low-diameter pores/throats [30] . Linear-shape modules illustrate participation of bacteria-oil secondary products in the routes which form a thin film layer in the routs' wall [30] . Plugging modules used here cannot completely block the fluid flow due to the fact that "log jams" of the cells formed in this process are still permeable and they would not reduce the permeability to zero. This happens when increased pressure dislodges the plugging capillaries by shearing some of the cells [33] .
Considering the obtained results of the first case (wateroil displacement without plugging) and the pore/throats' sizes, all of the potential pores and throats with the small radii (less than 0.1 mm diameter) are selected for plugging modeling. In model No 2, throats number 1, 6, and 10 are plugged as specified in Figure 3c . The linear plug is placed in the main diameter route and side routes. Figure 10 shows the distribution of the used plugging modules in model No 2 in a magnified view. Figure 11 demonstrates the fluid distributions at six different dimensionless times for model No 2. The initial state of the fluids is shown in Figure 11a . Through water invasion, the oil phase is expelled from the outlet (Fig. 11b) . One can see that instabilities take placed in the form of two wide forward and lateral moving fronts of the displacing phase (Fig. 11c ). Having plugging modules in the high permeability zones of the medium (throats number 1, 6, 10 in Fig. 3c ) caused a high-pressure difference in the porous media and consequently, oil is trapped in the high permeability zone located in the middle of the domain (Figs. 11d and 13a) . Figure 11e shows that the two fronts have progressed and then water phase bridges between the adjacent pores and the interface coalesce occurred. It can be observed that the primary breakthrough took place by a finger proceeded to the top of the medium (Figs. 11f and 13b) . Taking into account the model No 2 flow pattern, it can be deduced that by blocking high permeability zone at the main diameter pathway, bacteria solution displaces the oil of the side routes near the main diameter having smaller pores/throats and the least resistive force. This plugging caused 52% of the matrix oil to be recovered at the end of the process. Figure 12 shows a zoom-in view of the mesh distribution of model No 2 at t D = 1.33. Flat, concave, and convex interfaces can be observed, which is a result of a complex interplay between the contact angle and pore angularity. Pressure and velocity fields at t D = 0.5 (corresponding to Fig. 11d ) for the model No 2 are presented in Figure 13 .
Stabilized fluid distributions for different models No 3-7 are shown in Figure 14 . Figure 14a shows the fluids distribution at the steady-state for model No 2, which was discussed before in detail. In model No 3, circular-shape modules are placed in pores/throats No 1, 2, 10 and linear-shape modules are distributed in the model. As shown in Figure 14b caused the least oil recovery factor as well. By comparing models No 2 and 3, it could be deduced that the bottom side of the matrix is preferable than the top side of the matrix for displacing phase to flow, and the only possible way for sweeping the remaining oil in the top side of the matrix is plugging both middle and bottom side of the matrix.
In model No 4 (Fig. 14c ), pores/throats No 1, 2, 5, specified in Figure 3c In model No 5 (Fig. 14d ), pores/throats No 1, 3, 4 are blocked by circular modules and linear modules are placed in the main diameter routes. In this model, two plugging modules are set in the diagonal middle pathway and adjacent smaller pores. The distance between the circular module used in throat No 5 and the inlet point is longer than two other circular modules used in the middle part. Despite the more resistive pressure the displacing fluid faces behind the throat No 5, water phase exits through the bottom side of the matrix. The aforementioned set of plugging illustrates that the quantity of plugging modules has a significant influence on the breakthrough time. In this model, breakthrough time increased to 3.3 s due to increasing the resistive pressure in every porous path.
Hitherto, we observed that blocking central routes and pores could make the flow transport inside routes considering previous models. But bacterial transport and growth actually differ in real microbial recovery cases. Hydrophobic bacteria cells gradually participate and attach to the oil as they move through the porous routes over time. A single line plugging module placed perpendicular to the fluid flow direction is used to represent gradual participation and attachment of the bacteria. Using this module, fluid can still flow through the barrier hardly. By passing bacteria solution, new plugging may create in different locations and the size of a created plugs might change over the time, it is almost impossible to reach a precise numerical model for simulating plugging formation.
In model No 6 (Fig. 14e ), three single line plugging modules are used in throats No 1, 6, 13, and one circular plugging module is used in throat No 8. The high viscous force existed in the inlet area makes the flow sweep the trapped oil behind the plug. Parallel plugging is used in the main diameter and side routes. At the final stage of the simulation, some oil is trapped in the top and bottom part of the matrix (Fig. 14e) . Breakthrough time was about 1.4 s. In model No 7 (Fig. 14f) , two additional circular modules are placed in the entry. Throats No 1 and 6 are blocked by single line modules and throats No 7, 8, and 9 are blocked by circular modules. This model has the highest recovery factor among other models (almost 0.54). Despite the existence of a few plugging modules in the domain, the flow pattern of this model becomes similar to the model No 1's one. Figure 15 indicates the oil recovery as a function of dimensionless time during the displacement process for different models. As can be seen, the water-oil displacement model has an ultimate oil recovery of 49%. The model No 3 recovered about 40% of the matrix oil after stabilization. However, almost 50% of the matrix oil is recovered in the other models. A possible reason for this insignificant difference can be the small dimension of the domain.
As discussed in this section, each set of plugging lead to a unique flow pattern and has a specific effect on the ultimate oil recovery.
A summary of different scenarios including plugging characteristics, porosity, permeability, and final recovery factor is presented in Table 2 . It is known that porosity and permeability be changed after selective plugging. It is expected that a small change of porosity due to the clogging may lead to a variation in the permeability. To investigate this, porosity and permeability of different models were calculated, and it was observed that selective plugging lowered porosity in all models. Comparison of model No 1 and 7 reveals the key role of the pore structure on the oil recovery, even when the porosity and permeability are almost equal. Model No 5 has the lowest permeability, which led to the highest breakthrough time. Additionally, comparison of model No 5 and 7 shows that a small change of porosity, due to the clogging, can lead to a significant variation in the permeability.
Conclusion
This work studies the dynamics of bacteria solution injection into an oil-saturated porous media both experimentally and numerically, where selective plugging acts as the governing mechanism. In the experimental section, a 3D heterogeneous pattern analogous to a real dolomite rock section was used as the porous medium. The medium was initially saturated with the oil and connate water. Bacteria solution comprising Acinetobacter strain RAG-1 active cells mixed with limited nutrient distilled water was selected to be injected. Comparing water and bacteria solution injection results demonstrated the additional oil recovery in bacteria solution injection tests. Locations of pore plugging were determined by comparing water and bacteria solution injection, as the input for the models. To simulate this process, a finite element solver (COMSOL Multiphysics) is used to solve the governing equations. Diffusive interface method coupled with Navier-Stokes equations are the principles for numerical analysis. The same heterogeneous geometry is employed in the numerical section as the computational domain. Different sensitivity studies were performed to critically study the impact of the selective plugging mechanism on the displacement process. In the modeling part, the plugging mechanism for seven different models was investigated. In the first model, water-oil two-phase flow having non-plugging was selected as the base case. It was observed that displacing fluid takes the diagonal pathway as the most favorable route to go through. Considering models, No 2, and 3, it was shown that as the middle part of the diagonal pathway of the matrix was plugged, it resulted in oil trapping in the middle of the domain and consequently the least recovery efficiency compared to other models. It was also concluded that after plugging the intermediate zone of the matrix, displacing fluid prefer the bottom side of the media to sweep and consequently a major part of the oil in place is trapped in top and middle of the model. In model No 4, it was illustrated that the main diameter pathway could be still the preferable route after plugging. Model No 5 indicates that the number of plugs occurring in the medium could significantly affect the breakthrough time. In the last two models No 6, and 7, it was tried to model gradual precipitation and real bacteria cell plugging formation behavior. Finally, it was figured out that adjacent plugs to the inlet caused flow patterns similar to the non-plug model, and higher oil recovery factor than the models with farther plugs from the inlet. It is shown that finding a way to control bacteria selective plugging in the porous media can lead to higher recovery factors. The obtained results prove that the diffusive interface method can accurately model the selective plugging when it is the main mechanism of the enhanced oil recovery and this method can resolve the deficiency of Darcy's law in modeling such cases.
